Ab initio total energy calculations reported recently (M.I. Heggie, C.D. Latham, R. Jones and P.R. Briddon, Phys. Rev. B, 50 (1994) 5937) revealed that the tetrahedrally bonded icosahedral C 100 molecule spontaneously decomposed into two concentric fullerenes (C 20 and C 80 ). This C 100 molecule belongs to a series of structures that may be viewed as the diamond analogues of fullerenes (L. Zeger and E. Kaxiras, Phys. Rev. Lett., 70 (1993) 2920). Since these molecules can be seen to be effectively a heavily twinned molecular diamond their stability is important in the context of investigating the diamond {111} surface where a twin emerges. We present ab initio self-consistent calculations on a rather small C 40 H 36 molecule representing the core of a twin intersecting two diamond {111} surfaces and compare the results with that obtained with a non-selfconsistent density-functional based tight-binding method. Since the latter is also capable of handling larger and periodic models in a molecular dynamics relaxation we use it to study the graphitization effect in dependence of temperature. We find nearly the same ground state for the small molecule which is clearly due to a graphitization and find strong surface graphitization for a model of 128 carbon atoms at elevated temperatures. At 2700 K the top layer of this periodic model completely delaminates.
Introduction
Recent ab initio total energy calculations [1] revealed that the C 100 molecule, which belongs to a series of structures that may be viewed as the diamond analogues of fullerenes [2] , decomposes into two concentric fullerenes C 80 and C 20 . We have carried out ab initio self-consistent calculations on the C 40 H 36 molecule and use the results to study the graphitization of diamond surfaces.
The graphitization of diamond surfaces and the tetrahedrally bonded icosahedral C 100 molecule [1, 2] is attracting attention because there is substantial experimental evidence that graphitic precursors in the very early stages of diamond depostion occur and promote diamond nucleation, see e.g. [3, 4] . This is supported by the recent EELS investigation by Fallon and Brown where amorphous carbon layers mostly graphitic in character were found in grain boundaries [5] and by the Raman and HRTEM observations by Kang et al. [6] who find amorphous films growing first on silicon substrates prior to diamond deposition. Other experimental evidence is discussed in our recent work [7] , which includes circumstances where diamond becomes graphitised or amorphous such as, under ion implantation with non-reactive ions [8, 9] , the result of heat treatment [10] , or in measurements of friction coefficients by sliding diamond against diamond [11] . Another important discovery is that ultradispersed diamond starts to graphitize from the surface gradually inwards with an onset temperature of about 1200 K [12] . Related to these observations is that heteroepitaxially oriented nucleation of diamond particles on graphite prism planes can occur [13] . This led to the hypothesis by Ref. [4] that diamond nucleation begins by hydrogenation of graphitic edges formed at the first stage of deposition, then subsequent hydrogen abstraction and carbon radical insertion reactions convert this material into epitaxially oriented diamond nuclei.
Nucleation and growth mechanisms have been studied by a wide variety of theoretical methods. These have been extensively reviewed in Ref. [14] . Earlier work tended to concentrate on gas phase and surface reactions occuring in diamond CVD [15] [16] [17] [18] [19] [20] [21] , and it is only recently that detailed atomistic modelling of graphitization by semiempirical [22, 23] and parameter-free [24, 25] methods has been done. One observation is that while flat {111} surfaces show only a flattening of the surface which cannot be considered to be a true graphitization [7, 23] , any event that pins the surface down at some point (e.g. at surface steps [22] , near flakes [23] , or in the vicinity of bond rearrangements typical for the Pandey π-bonded chain reconstruction [7, 25] ) causes a more pronounced even spontaneous [22] graphitization. Another interesting aspect was pointed out recently by Heggie et al. [24] who found the neighbourhood of a twin intersecting two {111} surfaces graphitizes spontaneously too, and discussed the importance of surface curvature due to the twin in motivating the reaction. A potential weakness of the twin model was it used a rather small finite cluster where all the atoms were allowed to relax, so the behaviour of the surrounding bulk crystal was poorly described.
In the following we report on new studies of the latter calculations including fixed boundary selfconsistent field (SCF) calculations and calculations done with the density-functional based tight-binding (DF-TB) method [26] for the small molecule representing the twin and molecular dynamics studies using this DF-TB scheme on a periodic slab model containing 128 carbon atoms.
The paper is organized as follows. In Section 2 we briefly summarize the computational methods used throughout the paper. Section 3 presents the results obtained for the finite cluster calculations, whereas in Section 4 we present the observations for the periodic models relaxed by constant temperature molecular dynamics.
Computational methods

Ab Initio Self-consistent field method
This method gives the total energy of atomic clusters by solving self-consistently the Kohn-Sham equations obtained from the local density approximation (LDA) [27] [28] [29] [30] . The Ceperly-Alder expression, parameterised by Perdew and Zunger, is used to calculate the exchange and correlation energy term [31, 32] . The wavefunction and charge density of atoms are described by a real-space basis set of Gaussian-type functions centred on the cartesian coordinates of the nuclei, and, optionally at bond-centred sites. Both sand p-type fitting functions are used for the wavefunction part of the basis, while the charge density uses only s-type functions. The number of fitting functions centred on each atom is chosen so that there are more on those near to critical regions and fewer on atoms occupying peripheral positions. The norm-conserving pseudopotentials of Bachelet et al. are used in the calculation, except for hydrogen atoms which have a simple Coulomb potentential [33] . Forces between atoms are given by an analytical formula derived from the total energy expression.
Density-functional based tight-binding method
Within this method which was previously outlined as a density-functional based tight-binding (DF-TB) approximation [26, 34] the interatomic forces are calculated numerically using a tight-binding expression for the total energy of the system
occ. i ε i is the sum of occupied Kohn-Sham eigenvalues based on local density functional theory and is referred to as the band structure energy. Φ is a universal short-range repulsive pair-potential that is adjusted to be the difference of the band structure energy and the cohesive energy as calculated in a self-consistent calculation for a diatomic carbon molecule versus distance. Additionally, the pair potential is chosen to obtain the correct lattice constants, bulk moduli, and cohesive energies of diamond and graphite.
Within a two-center approach the band structure energy is evaluated by solving the Kohn-Sham equation within a non-self-consistent treatment. All necessary Hamiltonian and Overlap matrix elements are calculated within density-functional theory using the linear combination of atomic orbitals (LCAO)-LDA approach rather than fitted to crystalline data as in empirically parametrized TB-methods. For this, we expand the wave-function of the many-atom structure into a minimal basis of self-consistently derived "compacted" valence electron orbitals of free atoms [26] , which are represented as Slater-type functions. Since the parametrization of all matrix elements vs. distance is well practised, in guaranteeing sufficient accuracy combined with high transferability the method becomes as simple and efficient as empirical nonorthogonal tight-binding schemes and thus is useful for molecular dynamics (MD) simulations.
Finite cluster conjugate gradient simulations
Recent ab initio studies [24] of a finite model for a twin emerging at a diamond surface showed a spontaneous graphitization of this model surface (see Fig. 1 ). The model contained 40 carbon atoms. The back surfaces in this model was saturated with 36 hydrogen atoms in order to simulate an extended structure. The (111) facets were left bare. Periodicity in the crystal directions perpendicular to the surface could not be exploited. The atoms belonging to the cluster were all allowed to relax freely; the bottom carbon atoms and the attached hydrogens that should have simulated the stiffness of the bulk could, therefore, move significantly. From the inital cluster showing the typical diamond structure with a twin, see Fig. 1(a) for which the carbon-carbon bond lengths was set to 1.54 Å a second one was derived by modifying the coordinates of the surface atoms anticipating a delamination of the top layer as shown in Fig. 1(b) . Both these clusters were then relaxed within the self-consistent field method by a conjugate gradient method in order to find the ground state of the clusters.
As is pointed out in Ref. [24] the relaxation starting from the diamond structure (a) caused serious numerical problems when trying to reach selfconsistency because of the number of dangling bonds at the surface that give rise to electron levels at the Fermi level of this particular molecule. Therefore, to avoid unstable calculations the eigenstates were filled according to a Fermi distribution with a finite temperature of 0.03 eV. This treatment was switched off after the relaxation converged to ensure that the ground state off the system is not affected by this redistribution of the occupation of electron levels. It was not applied to structure (b). Figure 2 : The final models after conjugate gradient relaxation using the DF-TB method starting from the initial diamond structure (a) and the modified one (b) are different, since the former is a metastable state. Using the SCF method and fixing some of the attached hydrogen atoms the final relaxation result is the model shown in (c).
The final result after relaxing both the initial and the modified structure was found to be almost indistinguishable and is clearly a graphitized structure as may be seen in figure 1(c) . The decrease in total energy was calculated to be 28.5 eV starting from the initial model (a) and 2.7 eV starting from the modified version (b) which is already 25.8 eV lower in energy than (a).
To check the applicability of the simpler tightbinding procedure, we have re-calculated the problem and the results are given in figure 2(a) and (b) . First of all, we find the graphitized structure that is the broken bond structure presented in figure 2(b) being the ground state with this method, too. This is found when starting with a conjugate gradient relaxation from model 1(b). It should be noticed that the ground state molecule in the DF-TB as well as in the SCF method consists of 22 sp 2 -like atoms and 18 sp 3 -like atoms and no mixed hybridization state when applying an analysis recently introduced for studies of amorphous carbon [35] . This analysis is based on the requirement that a three-fold coordinated carbon atom is in an sp 2 -like state only if it would generate a minimum in the local density of states due to a strong π-interaction with its π-bonded neighbours. Moreover, the structural characteristics of the ground state models as given in table 1 are fairly equal in both cases. The average bond length between the sp 2 -like atoms is ≈ 1.40 Å slightly smaller as the typical value for an extended graphite crystal.
However, starting from the initial diamond structure 1(a) either due to non-selfconsistency or the particular step width in the conjugate gradient algorithm used the tight-binding approximation captured a metastable state with the inner bonds broken and the outer ones still in the original position. From that we expect the method to be suitable to find graphitized structures if they are favoured because of the change in total energy which in the case studied here is 21.4 eV relative to the initial diamond structure and 3.7 eV relative to the modified starting structure. Under certain conditions, however, we have to check the result of a simple conjugate gradient relaxation for not being trapped into local potential minima. This problem is less important when the size of the molecule gets larger and molecular dynamics is used as the relaxation tool.
A new aspect is that we have repeated with constraints the self-consistent calculation for the model in figure 1(a) by fixing the four hydrogen atoms below the twin core and another four at the corners of the model. The objective of this is to ensure that the original conclusion that the surface intersected by a twin graphitizes spontaneously [24] is still valid even if the cluster is constrained. The result is shown in figure 2(c) and is only slightly different from the previous result in that the top layer is now shifted outwards a little more. The change in total energy has been calculated to be 25.6 eV. As can be seen from table 1 there is a strain on both the sp 3 -sp 3 and the sp 2 -sp 2 bonds, making their average lengths larger and the average bond angle at three-fold coordinated atoms slightly smaller.
We have shown that both the unconstrained and the constrained back surface the clusters in the SCF calculation reconstruct spontaneously to a graphitic-like form. Taking this as as a benchmark for the less rigorous tight-binding calculation, shows that this method is able to reproduce very nearly the same ground state properties as the more sopisticated technique.
Molecular dynamics studies within the DF-TB scheme
In order to obtain a more realistic description of the twin intersecting the two diamond {111} facets we then used models with 128 carbon atoms the bottom of which was saturated by 16 hydrogen atoms that were held fixed to simulate the bulk stiffness. These models were periodic but include a large vacuum region in the direction perpendicular to the surface. Moreover, due to the periodic boundary condition these models contain not only one twin leading a convex surface form but a second one with a concave surface. This arrangement is usually called a microtwin.
First, we applied a conjugate gradient algorithm to investigate the structure at 0 K. Secondly, we used a standard Verlet molecular dynamics algorithm to simulate the behaviour of the model at finite constant temperature of 1200 K and 2700 K. The resulting structures are shown in Fig. 3(a), (b) , and (c). Fig. 3(a) is the final state of the conjugate gradient relaxation showing a less pronounced tendency towards spontaneous graphitization than reported recently [24] . The top double layer is only very slightly shifted outwards. The lengths of the bonds between the top and the second double layer are stretched to 109% of the diamond value. There is no graphitization of the surface as is shown in figures 1(c) or 2(b) and (c). This observation is consistent with the result obtained on a flat bare {111} surface [23] , where no spontaneous graphitization was found for models with 216 atoms. One might argue that the DF-TB method again is in a local minimum of the potential, but in turn it could be, that the result for a larger periodic model including a microtwin is indeed somewhat different from the cluster calculations as was already mentioned in Ref. [24] .
We then investigated the structure by molecular dynamics at temperatures of 1200 K and 2700 K. Fig.  3(b) and 3(c) show the final models of these calculations after equilibrating the obtained structures in a simulated annealing run for a total time of 1.2 ps at the considered temperature. As in recent studies of plain hydrogen free diamond {111} surfaces at constant temperature [23] we obtain a clear tendency towards graphitization of the surface. In contrast, here, the top layer delaminates totally at 2700 K. The minimum distance of the delaminated layer to the next lower lying atoms is about 3.0 Å whereas the average distance of the top double layer from the second one in the case of the flat bare surfaces was found to be only about 2.4 Å [7] . In agreement with the previous studies at 1200 K the surface at the (111) facets is not completely detached from the next double layer and is still preserving strained σ bonds. However, it is important to note that a strong graphitization effect starts in the neighbourhood of the convex twin which is also the case for subsequent graphitization steps in the next layers when the surface is completely detached at 2700 K. The same effect cannot be discovered for the concave twin which seems to provide an anchoring point for the top layer similar to those discussed in the introduction. Another difference from the previous studies is that in them the surface energy for the flat surfaces increased linearly with temperature [7, 23] whereas here the surface energy of the model after the MD run at 2700 K is lower than the surface energy at 1200 K by about 5.7 J m −2 owing to the graphitization.
Conclusions
We have found the graphitized structure to be the ground state for a model containing 40 carbon and 36 hydrogen atoms simulating the core of a twin intersecting two diamond (111) facets within a sophisticated self-consistent field method as well as in a simpler density-functional based tight-binding scheme. We then applied the DF-TB method to molecular dynamics simulation of a larger periodic model of a twin intersecting a diamond surface and found a strong graphitization starting at about 1200 K especially in the neighbourhood of the twin making a convex surface. In contrast, the second twin introduced in this model because of the periodic boundary condition making a concave surface form is rather an anchoring point for the top layer. At 2700 K we observe a total delamination of the top layer and a decrease in the internal energy of the system showing a true graphitization happening.
The occurence of graphitic structures at growth temperature suggests that such layers may be involved not only in the nucleation steps but also in growth processes as conversion layers that are converted to diamond by the hydrogenation conversion mechanism suggested in Ref. [4] . A more extended discussion of this point and a review of several graphitization effects found will be given elsewhere [7] . 
